Abstract-In this paper a spectrum efficient uplink communication method for cooperative wireless networks is presented. In cellular controlled peer to peer (CCP2P) cooperative wireless networks the mobile device is logically connected over cellular links with the base station and simultaneously over shortrange links with neighboring mobile devices to form cooperative clusters. So far the physical communication over cellular links and over short-range links are separated in time or in frequency. Beyond this state of the art, we exploit a method, referred to as asymmetrical modulation, where a mobile device is generating signals that are conveyed towards the base station and the neighboring devices in the same frequency and even at the same time. The signal is composed in such a way that it has different meanings for the neighboring devices than the base station. While the base station is getting the coarse information, the neighboring devices are getting the fine grained information reading between the lines. Our analytical analysis and simulation results show that asymmetrical modulation can improve the spectrum efficiency and reduce the data queuing delay with neither degrading the symbol error rate performance nor increasing the average energy per bit.
I. INTRODUCTION AND STATE OF THE ART
Recently cooperative wireless networks have gained more attention. Especially the so called cellular controlled peer to peer (CCP2P) communication architecture [1] , [2] has been proven to support higher data rates and at the same time reduces the energy consumption of a mobile device. In CCP2P, mobile devices are not only connected to the base station, but also with the neighboring mobile devices to form cooperative clusters. CCP2P combines the advantage of cellular networks, as the main access to services, and peer to peer networks exploiting wireless grid techniques for efficient usage of the build-in entities such as battery, memory, wireless data rate, etc. So far the cellular and the short-range communication is realized in different frequencies or at different time slots. An example of the separation in frequency is the multi-modal approach, where a mobile device can use 3G, WLAN or DVB-H links for the cellular link and Bluetooth or WLAN for the short-range link as introduced in [4] , [3] , [5] . When the shortrange link (SRL) and the cellular link (CL) are using the same frequency, they are separated in time [6] . Whatever solution has been found so far is separating the cellular and shortrange communication by orthogonal communication channels realized by separation in frequency, time, or code.
In contrast to that, in this paper an approach is introduced which is clearly beyond this state of the art, transmitting information from a dedicated mobile device to the base station and simultaneously to the neighboring mobile devices at the same time in the same frequency. In a nutshell, one dedicated mobile device is conveying an information signal such that it will be read by the different receiving entities in a different manner.
As given in Fig. 1 , the integrated signal conveyed from the originating mobile device consists of two information parts, namely the coarse information part for base station and the fine grained information part for neighboring mobile devices, respectively. As the integrated signal reaching the base station is impacted more by path loss than the short-range connection, the fine grained information part, intended for the neighboring mobile devices is washed out. On the other hand, the neighboring devices can get both information parts in the integrated signal and will subtract the coarse information for the base station to retrieve their relevant information part. In summary, in our approach we exploit the wireless channel with its path loss nature as some kind of native filter to realize the novel communication method. The proposed approach is realized by using asymmetrical modulation. Asymmetrical modulation is also called hierarThis full text paper was peer reviewed at the direction of IEEE Communications Society subject matter experts for publication in the ICC 2008 workshop proceedings. chical modulation which is originally proposed as an unequal error protection technique for extending the service availability and obtaining graceful degradation characteristics [8] , [7] , [13] , [9] . It is mostly used for terrestrial broadcasting of television signals or image transmission, for example HDTV and DVB-H. Asymmetrical modulation is well suited for video transmission over wireless channels, as video encoder outputs are not equally important [9] . It is also employed in multi-class data transmission, when different kinds of data services have different bit error rate requirements [13] . Generally speaking there are two main approaches to implement asymmetrical modulation. The first approach is based on novel signal constellation with non-uniformly spaced signal points [9] . The second approach uses time division multiplexing of different conventional coded modulation schemes [9] . We use the first approach to implement asymmetrical modulation in this paper. All of the proposed asymmetrical modulations [8] , [7] , [13] , [9] are only used for the transmission from BS to mobile devices for unequal error protection purpose. However in our work the asymmetrical modulation is applied for the transmission from a mobile device to the BS and the other mobile devices, i.e., two different types of recipients, with the same error protection.
II. ASYMMETRICAL MODULATION MODEL & PERFORMANCE ANALYSIS
The design idea of asymmetrical modulation (AMOD) for CCP2P is based on the fact that the cellular link (CL) suffers much more path loss than the short-range link (SRL). If we integrate the signals to neighboring mobile devices into the signals to the base station (BS), the path loss on the cellular link can easily filter out all the fine grained information for the neighboring mobile devices. On the other hand, because of the small path loss, the neighboring mobile device can easily extract its own information from the integrated signals. For the illustration purpose, in the following example we assume that the mobile device uses 4QAM to communicate with both, the BS and neighboring mobile devices. It is worth mentioning that for other AMOD constellations the derivation can be done in a similar way as shown later. Fig. 2 illustrates the basic idea of the AMOD approach. The signal point position of AMOD depends on both the signal to the BS and the corresponding signal for the neighboring mobile device. The 4QAM signals to the neighboring mobile devices regard the corresponding signal point position for the BS as the origin of its own signal constellation plane (i.e., sub-constellation plane of AMOD). For example, we assume that 4QAM signals for BS (00, 01, 10, 11) are mapped to the four big dashed points (N 0 , N 1 , N 2 , N 3 ) in the traditional modulation. Therefore, when a signal to the BS is "10" and a signal to the neighboring mobile device is "00" (mapping to the relative Quadrant II in sub-constellation plane around point N 2 ), the AMOD signal (10 00) finally locates its position at the point M 0 .
The MQAM (multiple quadrature amplitude modulation) signal is generically expressed by is the signal pulse with unit amplitude. The average power of the signal is equal to A 2 /2. Hence, we can assume that the amplitude of the transmission signal on the cellular link is A c = 2P c tx and on the short-range link A sr = 2P sr tx , respectively. Obviously, using traditional 4QAM the decision regions are bounded by horizontal and vertical lines at zero for both CL and SRL, which does not depends on the amplitude of the signal. But in case of AMOD the decision regions are bounded by horizontal and vertical lines at zero for CL and at ± P c tx for SRL.
A. Symbol Error Probability
In the following we are going to derive the symbol error probability (SER) in the cellular link (CL) and the short-range link (SRL). All of the notations are listed in Table I .
The symbol error probability that a signal which is transmitted as point i is received and demodulated as a point j can be expressed as following:
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Hence, we may obtain an upper bound for the total symbol error probability as
Since the Q function is a very fast decreasing function, it is possible to limit the second summation in Eq. 2 to a smaller set of the nearest neighboring points around point i. Based on the parameters shown in Fig. 2 , we can express the symbol error probability of the received signals at the BS using traditional modulation as following,
where, the ideal Euclidean distance of two received signal points at BS, d rx c , has such relation that d
tx , which is clear from Fig. 2 . Using AMOD in this specific example, there are 16 possible signal points which can be divided into three types (see Fig. 2 ): (i)
(ii) and (iii) , according to their positions in the constellation. Signal points at different position have different probabilities to make an error to the nearest neighboring points. We assume that at the BS receiver the probability that point M 0 is demodulated as N 0 and N 3 is p 1 and p 2 , respectively. Therefore, the error probability of M 0 is p 1 + p 2 , which is same for all type signal points. (Note, in Fig. 2 the BS always supposes that the signal points from mobile device are at the big dashed points, although the real signal points are located at solid points.)
At the BS receiver the symbol error probability of point , such as M 1 , is 2p 1 and the error probability of point , such as M 2 , is 2p 2 . So the average symbol error probability of received signals at the BS by asymmetrical modulation can now be calculated by:
where, according to Fig. 2 Assuming P sr tx = σ P c tx (σ 1), then
For x > 3, the Q(x) can be approximated as 
When σ 1, γ 1 and γ 2 are approximately equal to 2. By substituting the approximate values of γ 1 and γ 2 into Eq. 6, we obtain Eq. 7. It can be seen from Eq. 7 that asymmetrical modulation can achieve the same symbol error probability as the traditional modulation on the cellular link.
As for the symbol error probability on the short-range link, it is derived as following.
here, P e,1 is the symbol error probability of the signal for base station at the demodulator of the cooperative mobile device, and P e,2 is the symbol error probability of the signal for the cooperative mobile device at the demodulator of the operative mobile device. 
Because P e,1 in Eq. 8 is close to zero in the application scenario described in this paper, there is:
B. Average Energy Per Bit
In this subsection, the average energy per bit, E b , and the average energy consumption is derived for both modulation schemes. We assume that the cellular link and the shortrange link use 4QAM and the same amount of data has to be transmitted. The baud rate is 1 T symbol/s. Therefore, in traditional modulation the average energy per bit at the transmitting mobile device can be expressed as
where E c s and E sr s is the energy per symbol on the cellular link and short-range link. They can be expressed by
Therefore,
The asymmetrical modulation in this example becomes an asymmetrical 16QAM. To transmit the same amount of data, the baud rate is the same with 
From the results of Eq. 14 and Eq. 17, it is clear that the average energy per bit is the same for both modulation schemes.
C. Spectrum Efficiency and Transmission Delay
From symbol error probability and power consumption performance analysis, we have proven that asymmetrical modulation can achieve the same performance as traditional modulation. The advantage of AMOD is that it increases spectrum efficiency and at the same time it reduces the delay.
In the given example if the spectrum efficiency is 2ζ bits/s/Hz by traditional modulation then with AMOD the spectrum efficiency is doubled i.e., 4ζ bits/s/Hz. The asymmetrical modulation method that we present here is very flexible. It can have many variations not only 4QAM on both cellular link (CL) and short-range link (SRL). It can be 4QAM on CL and 16QAM on SRL; or it can be 16QAM on CL and BPSK on SRL, 16QAM on CL and 4QAM on SRL, and so on. Which AMOD constellation to use depends on the amount of data flows towards base station and the neighboring mobile device. It also depends on the wireless link quality. So the achievable spectrum efficiency gain depends on the AMOD constellation.
As for the data queuing delay due to waiting for time slots, it is not difficult to understand that asymmetrical modulation can reduce such delay nearly by half.
In summary, AMOD improves the spectrum efficiency and delay performance, with neither any system performance degradation nor additional costs.
III. SIMULATION & RESULTS
To validate our analytical findings, simulative measurements were conducted. This section describes the simulation procedure and shows the simulation results. The basic simulation procedure is illustrated in Fig. 3 . In the simulation, we are interested in the different effects of different path losses on the received symbols. Therefore, we only consider the signal amplitude attenuation and AWGN (Additive White Gaussian Noise) channel is used in the simulation. Here we can assume that attenuation is a function of the distance between antennas but is constant in the available frequency bandwidth. The power of the received signal at the BS receiver and at the neighboring mobile device can be expressed as following:
The path loss is calculated based on proper propagation models. Propagation models of the CL and the SRL used in the simulation are given as following. The values of the parameters for the assumption in the simulation are listed in Table II [10] , [12] , [14] .
This 
A. Path Loss of Cellular Link
To calculate the path loss of cellular link, PL c , we use the famous Okumura-Hata propagation model for an urban macro cell with the BS antenna height of 30 m and mobile antenna height 1.5 m with carrier frequency of 1950 MHz [15] :
where, R c is the range in km. For suburban areas it is usually assumed an additional area correction factor of 8 dB [10] .
B. Path Loss of Short-Range Link
It is quite challenging to calculate the path loss of the short-range link. The typical BS to mobile propagation model cannot be applied to mobile to mobile (M2M) model as: 1.) one antenna is not in the far field of the other antenna [11] . 2.) for low antenna height the effects of the close proximity between the Earth and the antenna produce a strong interaction between the antenna and the ground, and the antenna pattern performance is vastly different than if the antenna is in free space [11] .
A comprehensive survey is performed in [11] , which studied the available propagation models and measured data in the current 125 literature references to determine their applicability to the short-range M2M propagation model. But unfortunately none of the models fits exactly our scenario. Considering each model's applicability and limitation, we combine the results from two models [12] , [14] and apply them to our simulation.
The short-range propagation model given in [12] is used for UWB (Ultra Wide Band) network at frequency 5 GHz. And a similar model is given in [14] which is focus on 1.8 GHz.
The path loss in short-range link, PL sr , is given as
where, R 0 = 1 m. The distance between antennas, R sr , is in meter; bracketed term is a least-squares fit to path loss. PL 0 is intercept and γ is path loss exponent. S is the random scatter about the regression line, assumed to be a zero-mean Gaussian variate with standard deviation σ dB. In [12] it gives the mean value of PL 0 . Considering our target frequency, we recalculate mean value of PL 0 for LOS/NLOS scenarios, (see Table II ).
The mean value and standard deviation of normal random variants γ and S are taken from [12] , [14] (see Table II ).
C. Simulation Results Details
Two scenarios of the asymmetrical modulation are simulated here. One is 4QAM for the cellular link (CL) and the shortrange link (SRL), the other scenario is 4QAM on CL and 16QAM on SRL.
The AMOD transmission signal gets attenuation and distortion when it passes the CL. At the receiver side, it includes AGWN (Additive Gaussian White Noise) in the signal. The received signals at the BS after equalizer are shown in Fig. 4 . It shows that the BS is only able to distinguish the 4QAM signals for itself. Furthermore, the 4QAM modulated signal has good resolution for the BS to demodulate, which is proven by Fig. 5 . It shows that the SER of CL in two scenarios is always less than 10 −6 when the antenna distance is less than 1.2 km. Up to antenna distance 1.55 km, the SER is always below 10 −3 . It also shows that AMOD has almost the same SER performance as traditional modulation on the cellular link, although when using 16QAM on the SRL, the SER of AMOD is a little bit higher than that of the traditional one. Comparing the AMOD SERs of the two scenarios, it does have slight higher SER when using 16QAM on the SRL. In order to achieve at least 10 −3 SER, the performance difference of the two scenarios is about 50 m coverage radius. In practice, considering the application needs and wireless channel quality, both constellations are applicable. Fig. 6 shows the constellation of the received signal at the neighboring mobile side. Due to the lower path loss, it is clear that the received signal is good enough for the mobile to extract the fine grained information. Fig. 7 compares the SERs on the short-range link for both LOS and NLOS cases of the two scenarios. The SER is below 10 −6 when the antenna distance is less than 50 m for NLOS environment. To have the same SER performance in LOS environment, the antenna distance can be up to 400 m. Furthermore, like theoretical analysis, the SER performance of AMOD is also same as the traditional modulation on the short-range link. For the scenario using 16QAM on SRL, it has slightly higher SER than the other.
IV. CONCLUSION
This paper presents a novel method for a mobile device transmitting different signals towards the BS and the neighboring mobile devices in the same frequency and at the same time using asymmetrical modulation. By analytical and simulation results it is proven that the proposed method significantly improves the uplink spectrum efficiency and reduces the data queuing delay with neither degrading the symbol error rate performance nor consuming extra energy. The proposed communication method is targeted to facilitate the signalling and data transmission in cellular controlled peer to peer (CCP2P) communication network architecture. 
